ABSTRACT Nonindependent evolution of duplicated genes is called concerted evolution. In this article, we study the evolutionary process of duplicated regions that involves concerted evolution. The model incorporates mutation and gene conversion: the former increases d, the divergence between two duplicated regions, while the latter decreases d. It is demonstrated that the process consists of three phases. Phase I is the time until d reaches its equilibrium value, d 0 . In phase II d fluctuates around d 0 , and d increases again in phase III. Our simulation results demonstrate that the length of concerted evolution (i.e., phase II) is highly variable, while the lengths of the other two phases are relatively constant. It is also demonstrated that the length of phase II approximately follows an exponential distribution with mean , which is a function of many parameters including gene conversion rate and the length of gene conversion tract. On the basis of these findings, we obtain the probability distribution of the level of divergence between a pair of duplicated regions as a function of time, mutation rate, and . Finally, we discuss potential problems in genomic data analysis of duplicated genes when it is based on the molecular clock but concerted evolution is common.
The action of gene conversion can also be suggested two duplicates. The idea that nucleotide divergence has from phylogenetic studies. For example, suppose that a linear correlation with time is known as the "molecular duplicated genes I and II exist in species A and B. This clock." However, the molecular clock hypothesis does means the gene duplication event predates the specianot always hold for duplicated genes because of the tion ( Figure 1B ). Without gene conversion, it is exphenomenon called "concerted evolution" (reviewed pected that we observe a tree that is consistent with in Ohta 1980 Ohta , 1983 Arnheim 1983; Li 1997) . Under the real tree. However, if these genes have undergone concerted evolution, the level of divergence between concerted evolution, the observed tree might be incontwo duplicated genes is maintained very low, so that the sistent with the real tree. That is, the two duplicated observed divergence is usually much lower than the genes in each species are more closely related (Figure expectation when the molecular clock is assumed.
1B, right tree). On the basis of this idea, recently, Rozen Gene conversion has been considered as the most imet al. (2003) reported that there are abundant gene portant mechanism for this homogenization in dupliconversions between several pairs of duplicated regions cated genes (i.e., a small multigene family with copy on the Y chromosome of human and chimpanzee. number of 2), although unequal crossing over could Thus, there are many lines of evidence for gene conalso be important for large-or middle-size multigene version between duplicated genes. However, the effect families. Clear evidence for gene conversion is seen when of gene conversion on the divergence between dupli-DNA polymorphism data are available for both of the ducated genes has not been well understood theoretically. plicated genes, because gene conversion creates "shared The purpose of this article is to investigate the behavior polymorphic sites" (Innan 2003a), at which both of the of the divergence between duplicated genes after gene two corresponding sites in the duplicated genes are duplication. We modify gene conversion models of polymorphic ( Figure 1A ). Although such data sets are Walsh (1987) . In our model, gene conversion occurs such that a certain length of DNA fragment is transferred from one gene to the other, although gene con- The evolutionary process of a pair of duplicated recated genes by simulations, and we attempt to formulate gions is considered. We study the behavior of d, the the probability distribution of the divergence as a funcnumber of nucleotide differences between duplicated tion of time. Then, we discuss potential problems in regions after their birth (i.e., duplication). The process genomic data analysis of duplicated genes on the basis involves mutation and gene conversion; the former inof the molecular clock when concerted evolution is creases the level of divergence while the latter decreases common.
it. Parameters used in this section are summarized in Table 1 . Suppose a duplication event creates two identical sequences in a genome at time T ϭ 0. In this article, we consider the evolutionary process of a pair of subregions Summary of parameters that are within the duplicated regions as illustrated in Figure 2 . Each considered region is represented by a Nucleotide mutation rate per region large box and assigned to an interval of (0, 1). After ing part of the duplicated region is replaced by the The other is the probability that a gene conversion event is successfully completed. Let S 2 (y) be this probaconversion could involve regions outside of the interval bility, which is given by a function of y, the divergence (0, 1). Gene conversion II in Figure 2 consists of a in a gene conversion tract. One example is that gene region from position 0.85 to 1 and a fragment outside conversion occurs only when y is smaller than a certain of position 1.
threshold, s 2 . That is, Gene conversion is simulated assuming the length of the conversion tract follows a geometric distribution in a finite length of DNA region. This assumption is from
(3) Wiuf and Hein (2000), who studied homologous gene conversion (in this study, we consider interlocus gene Another example might be that S 2 (y) linearly decreases conversion that occurs between two duplicated regions).
as y increases: Although the mechanism of interlocus gene conversion is not well understood, it might be reasonable to assume
(4) that it may be similar to that of homologous gene conversion. Following Wiuf and Hein (2000), simulating gene Note that S 1 (x) depends on the divergence in the whole conversion events involves two parameters, g and q. g region, x, while S 2 (y) is given for each gene conversion represents the rate that a gene conversion event initiates tract and y represents the level of divergence in a tract. and q is the geometric distribution parameter to deterSimilar models are used in Walsh (1987) . Note that mine the length of the gene conversion tract. The geoWalsh (1987) defined only one probability because all metric distribution for the length of the converted tract gene conversion tracts cover the whole region in his in base pairs, z, is given by
. Suppose that model, where the two probabilities mean the same each of the simulated regions is L bp long. If we assume thing. See Walsh (1987) and Li (1997) for the molecu-L is very large and q is very small (i.e., infinite-sites lar genetic background behind this sequence-depenmodel), the distribution of the length of a tract (see dent gene conversion model. Figure 2 ) is given by an exponential distribution with In addition to nucleotide mutations, Walsh (1987) also parameter Q ϭ qL, and the average length of a converconsidered mutations that block gene conversion. Such sion tract is 1/Q (the unit of length is L bp). In this mutations are called "terminator mutations." Large indels model, the rate that a particular site of one region is and transposable elements might belong to terminator transferred to the other is given by mutations. We assume such mutations occur at rate m per region per generation. The position of mutation is given
as a random variable between (0, 1). Gene conversion is assumed to be completely suppressed if a conversion tract includes the position of the terminator mutation. which corresponds to the gene conversion rate per site Note that the numbers of mutations and gene converper generation defined in Innan (2002 Innan ( , 2003a small, we can obtain essentially the same simulation In this study, we consider another two probabilities.
results by an approximate method, in which the Poisson One is the probability that determines whether the two processes are simulated every k generation with the paregions make pairing in meiosis, which is considered to rameters multiplied by k. be required for gene conversion to occur. This probability, S 1 (x), should be a function of x, the divergence between the two regions. For example, S 1 (x) is defined as
RESULTS
The behavior of the divergence between duplicated 200. Table 2 summarizes the results of simulations for c ϭ {1, 2, 3, . . . , 10} ϫ 10 Ϫ8 when 1/Q ϭ ∞, s 1 ϭ 100, Thus, the evolutionary process of duplicated regions involves a long fluctuation time of d unless the gene and S 2 is given by (3) with s 2 ϭ 100. It is demonstrated that as c increases, the average of T d 1 increases exponenconversion rate is small. Figure 4 illustrates a typical behavior of d, which consists of three phases: phase I is tially. The variance of T d 1 is huge, indicating that T d 1 is highly variable. Similar results are obtained for the case the time until d reaches its equilibrium value, d 0 , which depends mainly on the mutation rate and gene converof 1/Q ϭ 0.1 (also see Figure 5A ). We also investigate the relationship between c and T d 1 under various gene conversion models ( Figure 5 ). First we assume 1/Q ϭ 0.1, s 1 ϭ 100 in (2) and S 2 is given by (3) with s 2 ϭ 100zЈ. The result is presented by solid stars in Figure 5A . T d 1 is larger than that for 1/ Q ϭ ∞ (solid squares), indicating that the gene conversion tract length has a significant effect on the length of concerted evolution (see below). Next we consider (2) shown that the increase of T d 1 against c is slower in and (3) with s 1 ϭ s 2 ϭ 100. Shaded squares and stars represent the case where S 1 and S 2 are given by (2) and (4) s 2 ϭ s 3 . In Figure 5B , T d 1 in a model with terminator mutation is shown. We assume m ϭ 1.25 ϫ 10 Ϫ11 , s 1 ϭ 100 in (2) to occur (see Figure 4) . That is, once d hits d t , there is and S 2 is given by (3) with s 2 ϭ 100zЈ. When 1/Q ϭ ∞, no chance that the system returns to phase II. It is as c increases, T d 1 saturates around 1/(2m) ϭ 4 ϫ 10 10 obvious that the larger the variance of d, the more because phase II is terminated with probability 2m. The chance that d hits d t , creating the negative correlation situation is complicated when 1/Q ϭ 0.1. T d 1 saturates between T d 1 and 1/Q. Note that 1/Q has no effect on somehow around 1/(2m) when c Ϸ 8-9 ϫ 10 Ϫ8 , but the expectation of d in phase II (Innan 2002 (Innan , 2003a . again starts increasing for c Ն 10 ϫ 10
Ϫ8
. This is beThus, the time of phase II, t 2 , might be considered cause after a terminator mutation gene conversion is as a waiting time for an event when d first hits d t . Let suppressed in a short region around the mutation when be the expectation of this waiting time. It is expected 1/Q is small. That is, as c increases, in most regions that t 2 approximately follows an exponential distribuphase II continues for a quite long time even after a tion with mean when is large, and the variance of terminator mutation.
T d 1 is approximately given by Figure 6A shows the effect of the length of gene conversion tract on T d 1 when c ϭ 3 ϫ 10
, m ϭ 0, and
100. As 1/Q decreases, the average of T d 1 increases dramatically. This observation could be understood as folbecause t 1 , t 2 , and t 3 are almost independent. Table 2 lows. As shown in Figure 6B . This supports the hypothesis that t 2 approxid is a very important factor to determine the time of phase II because phase II is terminated when d happens mately follows an exponential distribution. Our simulation results have indicated that the relato exceed a threshold value of d, d t . d t is defined as the minimum value of d that is too big for gene conversion tionship between d and time is complicated because
Note that t 1 is unknown here, but the numerical calculation of (9) can be done assuming t 1 Ϸ 0 because T ӷ t 1 . Then, the pdf of d is given by convolution:
This equation works best for d ӷ d t . The probability that d Ͻ d t is almost identical with that in Equation 8. We can also obtain the pdf of T d 1 . That is,
when is small.
DISCUSSION
The evolutionary process of a pair of duplicated regions is studied by simulations. The model incorporates mutation and gene conversion: the former increases d, the divergence between two duplicated regions, while the latter decreases d. It is demonstrated that the process consists of three phases. Phase I is the time until d reaches its equilibrium value, d 0 . In phase II d fluctuates around d 0 , and d increases again in phase III. These approximately corresponds to the time under concerted evolution. The lengths of the three phases, t 1 , t 2 , and t 3 , could be almost independent of each other. t 1 and many parameters (c, 1/Q, s 1 , s 2 , and m) affect t 2 . Howt 3 are relatively constant, while t 2 is highly variable. Our ever, the probability distribution function (pdf) of d simulations demonstrated that t 2 approximately follows might involve only three parameters, , , and T, bean exponential distribution because t 2 is a waiting time cause summarizes all parameters that affect t 2 . Here, for a random event that initiates phase III. The rate we attempt to obtain the pdf of d as a function of , , that such events occur determines , the expectation of and T, assuming the pdf of t 2 is given by t 2 , which depends on the mutation rate ( and m), gene conversion rate (c together with S 1 and S 2 ), and the 1 exp(Ϫt 2 /).
(6) average length of gene conversion tract (1/Q). It seems extremely difficult to obtain an equation for as a funcWe define t e as the effective time that directly contribtion of these parameters, but we were able to obtain utes to the linear accumulation of mutations, which is the pdf of d given , , and T. given by
In this study, we considered mutations as only a mechanism to terminate phase II. However, strong selection t e ϭ t 1 ϩ t 3 ϭ T Ϫ t 2 .
(7) could also be a factor to stop concerted evolution. Innan We assume T ӷ t 1 . If concerted evolution is still going (2003b) demonstrated that the gene conversion rate is on at T (i.e., phase II), t e ϭ t 1 and d is somewhere around effectively reduced around the target site of selection, d 0 . The probability that the system is in phase II at T is because selection works against gene conversion to keep given by the variation between two regions. Evidence for such selection is seen in exon 7 in the human RH genes (Innan 2003b) .
Recent genomic sequence data provide great opportunities to study the evolution of gene duplication (e.g., . and the pdf of t e is given by Some of these studies estimate the date of gene duplications on the basis of the molecular clock, ignoring concerted evolution. This ignorance is partly because we do not know how common concerted evolution via gene conversion is at the genome level, even though there are many reports of gene conversion for specific genes or regions (see Introduction). Here, we consider potential problems in genomic data analysis of duplicated genes on the basis of the molecular clock, if concerted evolution is common. As an example, we use the data of Lynch and Conery (2000), who estimated the birth (duplication) and death (deletion or pseudogenization) rates on the basis of the molecular clock. Their estimation is based on the idea that the frequency distribution (spectrum) of d is approximately given by an exponential distribution when the birth and death rates (a and b, respectively) are constant over time. The solid bars in Figure  7B show this relationship when b ϭ 10 Ϫ8 . It is obvious that the spectrum is expected to be flat when b ϭ 0 (solid bars in Figure 7A ). The number of observed duplicated genes with very low d in a genome reflects the duplication rate, a. Figure 7B show that the frequency distribution under the joint effect of the death process and gene conversion is also similar to an exponential distribution. The peak of genes with low divergence is approximately three times higher than that of the case of the death process only, and the distribution decreases very quickly as d increases.
Thus, if concerted evolution of duplicated genes via gene conversion is common, the effect of gene conversion on the frequency distribution of d cannot be ig- version, a should be overestimated. This excess of genes of low divergence might also contribute to an overestimation of b because an estimate of b depends on how sophila melanogaster genome. The data are from Lynch and Conery (2000). We chose this species as an examquickly the distribution decreases as d increases. Figure 7C shows the observed frequency distributions ple because DNA polymorphism data for several pairs of duplicated genes exhibit clear evidence for frequent of the level of divergence measured by Ks, the expected number of synonymous substitutions per site in the Drogene conversion (Innan 2003a). Duplicated genes are
